The composition of the aliphatic components of suberin in the stele and cortex of young corn (Zea mays L.) roots was determined by combined gas-liquid chromatography/mass spectrometry of the LiAID4 depolymerization products. u.-Hydroxy acids were shown to be the major clss of the aliphatic components of both the hypodermal (35%) and endodermal (28%) polymeric materials with the dominant chain length being C24 in the former and C16 in the latter. Suberin, which is thought to be a polymer composed of aliphatic and aromatic domains, serves as the structural component of certain diffusion barriers in the plant (15). Electron micrographs of suberin reveal a lamellar structure composed of light and dark bands probably representing alternating layers of wax and polymer (23, 24) . Suberin, which has been ultrastructurally identified, has been examined chemically from only a few sources (5, 8, 9) , but in these cases the composition of the aliphatic components agreed well with an early generalization that long chain (C,6-C26) w-hydroxy and dicarboxylic acids are very often the major aliphatic components of suberin (16 cells (19, 20) , suberin in roots has been examined chemically in only a few cases (7, 14, 18) . Suberization in the plant may frequently be a response to certain types of stress, but there have been no combined chemical and ultrastructural studies on the effects of such stress upon suberization in roots. In this paper, we report the suberin composition of the hypodermis and endodermis of young corn roots and show chemically and ultrastructurally that Mg deficiency causes an increase in the suberization of corn roots.
ABSTRACI
The composition of the aliphatic components of suberin in the stele and cortex of young corn (Zea mays L.) roots was determined by combined gas-liquid chromatography/mass spectrometry of the LiAID4 depolymerization products. u.-Hydroxy acids were shown to be the major clss of the aliphatic components of both the hypodermal (35%) and endodermal (28%) polymeric materials with the dominant chain length being C24 in the former and C16 in the latter. Nitrobenzene oxidation of the roots generated p-hydroxybenzaldehyde and vanillin with much less syringaldehyde. Electron microscopic emnation of the hypodermal and endodermal cell walls from roots of corn plants grown in a Mg2e-deficient (0.03 millimolar) nutrient solution showed that these walls were more heavily suberized than the analogous walls of roots from plants grown in normal (2 millimolar) Mg2 levels. Analysis of the LiAID4 depolymerization products of the suberin polymers from these roots showed that the roots grown in low Mg2e had 3.5 times as much aliphatic suberin monomers on a weight basis as the roots from plants grown in nutrient with normal Mg2e levels. Roots from plants grown in Mg2e-deficient nutrient solution released 3.8 times the amount of aromatic aldehydes upon nitrobenzene oxidation as that released from normal roots. As the degree of Mg2' deficiency of the nutrient solution was increased, there was an increase in the aliphatic and aromatic components characteristic of suberin. Thus, both ultrastructural and chemical evidence strongly suggested that Mg2" deficiency resulted in increased suberization of the cell walls of both hypodermis and endodermis of Zea mays roots. The roots from Mg2e-deficient plants also had a higher amount of peroxidase activity when compared to control roots.
Suberin, which is thought to be a polymer composed of aliphatic and aromatic domains, serves as the structural component of certain diffusion barriers in the plant (15) . Electron micrographs of suberin reveal a lamellar structure composed of light and dark bands probably representing alternating layers of wax and polymer (23, 24) . Suberin, which has been ultrastructurally identified, has been examined chemically from only a few sources (5, 8, 9) , but in these cases the composition of the aliphatic components agreed well with an early generalization that long chain (C,6-C26) w-hydroxy and dicarboxylic acids are very often the major aliphatic components of suberin (16 cells (19, 20) , suberin in roots has been examined chemically in only a few cases (7, 14, 18) . Suberization in the plant may frequently be a response to certain types of stress, but there have been no combined chemical and ultrastructural studies on the effects of such stress upon suberization in roots. In this paper, we report the suberin composition of the hypodermis and endodermis of young corn roots and show chemically and ultrastructurally that Mg deficiency causes an increase in the suberization of corn roots.
MATERIALS AND METHODS
Determination of the Composition of the Aliphatic Components of the Hypodermal and Endodermal Suberin. Seeds of Zea mays L. cv Golden Cross were germinated on moist filter paper in the dark for 6 d at room temperature. The tip of the root (approximately 1 cm) was removed, and the remainder of the root (approximately 5 cm) was manually separated into hypodermal and endodermal fractions with the tissue being retained only when it was clear that the separation had been complete (7) . The two fractions were frozen, lyophilized, ground to a powder (Wig-L-Bug amalgamator), and $oxhlet extracted (72 h with CHC13 and 72 h with CH30H). Portions (500 mg) of these powders were depolymerized with LiAlD4, fractionated on TLC, and analyzed by combined GC-MS with a Varian gas chromatograph attached to a Perkin-Elmer-Hitachi RMU6D mass spectrometer with a Biemann separator interphase (26 propylene oxide plus araldite resin. The samples were embedded in araldite and sectioned with an ultramicrotome (Reichert OM U2). Thin sections were stained with 2% KMnO4 in an atmosphere free of CO2 for 10 min and viewed in a transmission microscope (Phillips 300).
Nitrobenzene Oxidation. Portions (1.0 g) of the powdered and extracted root samples were added to 20 ml of 2 M NaOH and 1.0 ml nitrobenzene and heated in a stainless steel bomb (1.9 cm i.d. x 8.0 cm) at 160°C for 3 h. The reaction mixture was cooled, filtered, and extracted with diethyl ether (4 x 50 ml). The aqueous fraction was acidified and extracted with diethyl ether (4 x 50 ml). The products in the combined ether fractions were subjected to TLC, acetylation, a second TLC, and GLC-MS characterization as described previously (9).
Peroxidase Assay. Portions (0.5 g) of lyophilized corn root samples were stirred in 10 ml of 1 M potassium acetate (pH 6.0) for 2 h at 4°C. The mixtures were centrifuged, the supernatants were dialyzed and lyophilized, and the residues were resuspended in 20 mm sodium phosphate (pH 6.0) and assayed for peroxidase activity by monitoring guaiacol oxidation (25) . RESULTS 
Composition of the Aliphatic Components of Suberin Polymers
in the Hypodermis and Endodermis of Z. mays Roots. The cortex and stele of 6-d-old corn roots were carefully separated, extracted with organic solvents, and analyzed for suberin content by measuring the aliphatic components released by reductive depolymerization of the polyester domains by LiAlD4 treatment (26) . The composition of the aliphatic components of the suberin polymer from the two tissue fractions is given in Table I . oHydroxy acids were the dominant group of aliphatic monomers obtained from the polymeric material from both the hypodermis (35%) and the endodermis (28%) with dicarboxylic acids comprising 17% and 25%, respectively. The most dominant chain length in the w-hydroxy acid fraction of the hypodermis polymer was C24 (15% of the total aliphatic monomers) while C,6 (17%) was the major chain length in this class of monomers in the endodermal polymer. Both polymer fractions had very long chain (>C,8) aliphatic components, but the total amount of these components was much greater in the hypodermal (35%) than in the endodermal fraction (5.5%). The hypodermal polymer also had a large proportion of fatty alcohols (32%) dominated by C,7 while the endodermal polymer had a larger proportion of polar acids (9.4 versus 2%).
Ultrastructure of the Hypodermal and Endodermal Cell Walls of the Roots of Z. mays Grown in Normal and Low Magnesium Concentrations. The walls of hypodermal cells from plants grown in nutrient solution containing 2.0 mm Mg2' have an apparent deposition of suberin as indicated by the lamellar structure seen at a distance of 5 to 15 cm from the root tip (Fig. 1) . The hypodermal walls of plants grown in nutrient solution with low levels of Mg2' appear to be much more heavily suberized than those grown in normal Mg2+ concentrations. As close as 5 cm to the root apex, the hypodermal walls from Mg2e-deficient plants have lamellar structures 100 nm in thickness comprising 20% of the cell wall (Fig. 2) .
The endodermal cell walls in the roots of plants grown in Mg2+-deficient nutrient solution also appeared ultrastructurally to be more heavily suberized than did the endodermal walls in the roots of plants grown in normal Mg2+ concentrations. The characteristic lamellar structures were most prominent in the inner tangential walls where suberin lamellae appear to be laid down within the secondary walls (Fig. 3) . In some instances, (26) . The most characteristic aliphatic products released from suberin are a,w-diols (15) . The total amount of aliphatic a,w-diols released from the roots of plants grown in low Mg2" (0.03 mM) was 602 ug/g which was 3.5 times the amount of diols released from the roots of plants grown in a nutrient solution containing normal Mg2" concentrations (Table II) . The C,6 diol was the most dominant monomer (60% to 97%) for all three root samples with longer chain diols being present predominantly in the roots which had been grown with reduced levels of Mg2e.
The use of deuterium in the suberin depolymerization made it possible to calculate the proportion of w-hydroxy acids and dicarboxylic acids present in the original polymer (26) . There was no significant difference in the proportion of these components present in the suberin of roots grown with different Mg2" concentrations; dicarboxylic acids generated 25 to 34% of the C,6 diols and 47% to 49% of the those released by the roots grown in normal Mg2+ concentrations. Lyophilized root samples which had not been extracted with organic solvents were extracted with 1 M potassium acetate (pH 6.0) and the extracts were assayed spectrophotometrically for peroxidase activity. The roots grown in 0.03 and 0.06 mM Mg2+ nutrient solution gave 3.51 and 4.72 A470/min -mg of lyophilized root tissue, respectively, whereas those grown in normal Mg2' concentration gave a value of 1.83. Polyacrylamide gel electrophoresis of these buffer extracts followed by enzymatic activity staining (1, 4) showed that the only discernible qualitative or quantitative difference was that the roots from Mg2"-deficient plants showed anodic isoperoxidases which were not present in the roots grown under normal Mg2" concentration; there appeared to be no differences in the cationic isoperoxidases which were the dominant ones in all cases (data not shown). The major anionic isoperoxidase observed in Mg2"-deficient roots had electrophoretic mobility similar to that ofthe suberization-associated isoperoxidase observed in potato tissue (1, 4) .
DISCUSSION
On the basis of ultrastructural observations of corn roots, it had been suggested that both the hypodermis (2, 1 1) and endodermis (10, 12) of corn root contained suberized regions. The results of the chemical examination presented in this paper strongly support the above conclusion. The main feature of the composition ofthe aliphatic monomers ofthe polymeric material from endodermis and hypodermis was that in both cases whydroxy acids and dicarboxylic acids as well as very long chain (>C,8) components constituted major components. This feature is characteristic of the composition of the aliphatic domain of suberin from a variety of barrier layers in plants (17) . However, the two polymers did show quite distinct composition (Table I) , and it is tempting to speculate that this difference may have a bearing on differences in the permeability reported for the suberized walls of the hypodermis and endodermis of corn roots (11) . The young roots (6 cm long) used in this study would probably have very little secondary and tertiary development in the endodermal cell walls (20) and, therefore, the suberin components detected chemically might be largely derived from the suberized Casparian band analogous to that which was found in the endodermis of young Sorghum shoots (6) . Lamellar structures, characteristic of suberin, were clearly seen in both the hypodermal and endodermal cell walls of young corn roots, and the appearance of these structures is similar to that seen previously in the hypodermis (19, 21) and endodermis (20, 22) of other roots. The thin suberin barrier, with two to three translucent layers, seen in the hypodermis of these roots ( Fig. 1) is similar to that seen in both the hypodermis and endodermis of young corn roots (10, 11) . The dramatic increase in the thickness of the suberin barriers (8-12 translucent layers) found in the roots of plants grown in low Mg" levels ( Figs. 2 and 3) correlates well with the increased amount of aliphatic material released upon depolymerization of the polymeric material from the root samples (Table II) . The amount of a,w-diols released by the hydrogenolysis of suberin from the roots of plants grown in 0.03 mm Mg2+ was 3.5-fold over that released from the roots grown in 2.0 mm Mg2+. Although no attempt has been previously made to correlate quantities of suberin on a chemical and ultrastructural basis, this 3.5-fold chemical difference seems to agree reasonably well with the difference in the quantity of lamellar structure seen in Figures 1 and 2 .
According to the working hypothesis concerning the structure and composition of suberin (15) , this polymer contains both aliphatic and aromatic domains. However, little direct evidence is available concerning the nature of the intermonomer linkages present in the aromatic domain. The release of aromatic aldehydes, particularly p-hydroxybenzaldehyde and vanillin, by alkaline nitrobenzene oxidation appears to be a characteristic feature of suberin and the quantity of the aldehydes appears to be a measure of the aromatic domains of suberin (3, 9) . In the present case, roots grown in normal Mg2+ concentration gave rise to p-hydroxybenzaldehyde and vanillin with much smaller quantities ofsyringaldehyde. Roots grown under Mg2e deficiency gave nearly a 4-fold higher amount of aromatic aldehydes when compared to the control roots. As the degree of Mg2e deficiency was increased, the quantity of both the aliphatic components and the aromatic components released from the polymeric material increased concomitantly. For example, the aliphatic and aromatic components were 2.2-and 2.4-fold greater than control, respectively, when the roots were grown in 0.06 mM Mg2" and 3.5-and 3.8-fold greater, respectively, when the Mg2" concentration was 0.03 mm. These results are consistent with the working hypothesis that suberin is composed of aliphatic and aromatic domains and support the conclusion that Mg deficiency caused increased suberization.
Peroxidase has been shown to be present in suberizing cells (1) and appears to be involved in the biosynthesis of the phenolic portion of the suberin polymer (4). The increased levels of peroxidase found in the roots from plants grown in low Mg2" levels might reflect the need for an increased level of the isoperoxidase involved in the enhanced suberization observed under Mg2e deficiency. In fact, the anionic isoperoxidase which has been postulated to be involved in suberization (1, 4) was more prevalent only in the roots ofplants grown in low Mg2". Although the method used did not allow quantitative measurement of the isoperoxidase, the results were consistent with the conclusion that Mg2" deficiency resulted in increased suberization and this process involved the anionic isoperoxidase.
The present results appear to show that the plant responds to a Mg2" deficiency by an increased level of suberization in both the hypodermis and endodermis of the root cell walls. Although the precise role of the increased amount of suberin deposited under Mg2e deficiency is not understood, it seems probable that these barriers would decrease diffusion and allow the plant to better regulate the flow ofsalts. To what extent plants do respond to a mineral stress by increased suberization is not known as the present case appears to be the first one to be described with adequate chemical and ultrastructural evidence.
